Importin a performs the indispensable role of ferrying proteins from the cytoplasm into the nucleus with a transport carrier, importin b1. Mammalian cells from mouse or human contain either six or seven importin a subtypes, respectively, each with a tightly regulated expression. Therefore, the combination of subtype expression in a cell defines distinct signaling pathways to achieve progressive changes in gene expression essential for cellular events, such as differentiation. Recent studies reveal that, in addition to nucleocytoplasmic transport, importin as also serve non-transport functions. In this review, we first discuss the physiological significance of importin a as a nuclear transport regulator, and then focus on the functional diversities of importin as based on their specific subcellular and cellular localizations, such as the nucleus and plasma membrane. These findings enrich our knowledge of how importin as actively contribute to various cellular events.
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In eukaryotic cells, molecular trafficking between the nucleus and the cytoplasm is a fundamental cellular process and essential for cell survival and development. Active nuclear import of karyophilic proteins from the cytoplasm into the nucleus through nuclear pore complexes (NPCs) typically utilizes a carrier molecule that recognizes a transport signal on the cargo, referred to as a nuclear localization signal (NLS) (1) . The best characterized NLSs, termed classical NLSs (cNLSs), include the monopartite type consisting of 810 sequential amino acids enriched in basic residues (Lys and Arg), and the bipartite type comprised of two clusters of basic rich residues separated by a linker of variable length and composition. Signal-dependent protein transport from the cytoplasm into the nucleus is a facilitated process mediated by members of the importin (also referred to as karyopherin) superfamily. Importins are further categorized into importin as and importin bs, based on their structural and functional features. Importin as function as adaptor molecules between a cNLS-bearing cargo protein and importin b1, a carrier molecule, in the cytoplasm. Interaction of importin b1 with the NPC occurs though multiple phenylalanineglycine repeats on the nucleoporins (Nups), which enables the trimeric complex to translocate into the nucleoplasm. In the nucleus, a GTP bound form of a small GTPase Ran (RanGTP) binds to importin b1 to facilitate the dissociation of the complex. After dissociation, importin a is exported from the nucleus by cellular apoptosis susceptibility gene product (CAS, also known as CSE1L) in conjunction with RanGTP; the importin b1/RanGTP complex also returns to the cytoplasm, ready for reuse in the next round of transport (1, 2) .
Importin as are well-known cNLS-receptors in nucleocytoplasmic transport (3) . Recently, several reports demonstrated that some nucleoporins or a chromatin-binding protein actively control nuclear transport efficiency through interaction with importin as (4, 5) . In addition, studies have shown that importin as also have non-transport functions such as spindle assembly (6) , lamin polymerization (7), nuclear envelope formation (8) , protein degradation in yeast (9, 10) and mRNA-related function (11) .
In this review, we begin by discussing recent discoveries regarding the function of importin as in regulation of classical nuclear protein import efficiency. We then discuss non-transport functions of importin as, which are exerted in specific cellular and subcellular distributions. The increased knowledge of where importin a proteins are localized and how they function in living cells drives a more robust understanding of the fundamental processes to which they contribute, including cytoplasmic retention of karyophilic proteins, gene transcription and extracellular signal transduction.
Importin a Family: Structural Features and Substrate Specificities
Importin a proteins, also known as karyopherin as (KPNAs), have been highly conserved through evolutionary history (2, 3) . While there is a single importin a in budding yeast, flies and nematodes encode 3 importin a subtypes, and mice and human encode 6 and 7 subtypes, respectively. In contrast, these organisms have only one importin b1. Importin a subtypes are classified into three subfamilies defined by their primary amino acid similarities and referred to here as the clade a1: importin a5, a6, and a7, clade a2: importin a1 and a8, and clade a3: importin a3 and a4 in human ( Fig. 1A and B) . Differences in the usage of the terms 'importin' or 'karyopherin' in the number of genes in humans and mice have often caused confusion. A complete summary of gene names for mouse and human nuclear transport machinery is provided in Miyamoto et al. (2) .
Importin a includes three key conserved structural features (Fig. 1C) . First is an N-terminal importin bbinding (IBB) domain, which is known to serve an autoinhibitory function in cNLS-binding, and is involved in the unloading of cargo proteins in the nucleus (12, 13) . The second is a series of armadillo (Arm) repeats, which function as internal cargo cNLS-binding sites, and consists of 10 repeats of a relatively hydrophobic sequence of about 4243 amino acids. A cNLS-containing cargo can bind to two sites within a helical surface groove of the Arm repeats that are referred to as major (Arm repeats 24) and minor (Arm repeats 68) NLS binding sites. The typical cNLSs, SV40 large T antigen NLS (SV40T-NLS) and nucleoplasmin NLS (NP-NLS) bind to the major binding site and to both the major and minor binding sites, respectively. The third key structural feature is a C-terminal region including a conserved short acidic amino acids cluster, which functions as a binding region for the nuclear exporter of importin a, CAS in conjunction with RanGTP (3).
The diverse importin a proteins show differences in their abilities to interact with specific cNLS-containing cargos, indicating that each subtype has specialized cellular roles involving particular subsets of target proteins. Several reviews have provided summaries of the proteins interacting with each importin a (14) . A comprehensive proteomics approach is a powerful tool for learning functional similarities and differences between individual subtypes based on binding partners. Bioinformatics analysis including cNLS prediction and functional annotation provides better understanding of how individual importin as interact with binding partners. We recently identified a total of 250 proteins binding to importin a1 and a8 from stably expressed HEK293 cell lines using immunoprecipitation followed by mass spectrometry (15) . Importin a8 is the most recently identified importin a and is originally classified into the importin a1 subfamily (clade a2) based on amino acid sequence similarity (16, 17) . Among the 133 and 179 proteins that bound specifically to importin a1 and importin a8, respectively, only 62 proteins overlapped in their ability to bind both importin as (15) , indicating that the significant diversity in their substrate specificity provides new insight for functional categorization of importin a subtypes.
Functional Regulation of Importin a Expression
Selective expression profiles for each importin a subtype have been shown in cells and tissues at both RNA and protein levels. The expression and subcellular localization of several importin as during spermatogenesis in rodents and humans has been well analyzed using immunohistochemistry and in situ hybridization (2, 18) . For example, importin a3 and a4 show exclusively different expression and subcellular localization patterns in mouse testis, although both proteins are classified under the same subfamily (clade a3); while importin a3 is located in the cytoplasm of developing germ cells, importin a4 appears in the nucleus of spermatocytes and in round and elongating spermatids. In adult mouse ovaries and early embryos, the expression and subcellular localization of six importin as have been identified; e.g. importin a8 is localized in the nucleus of GV stage oocytes, zygotes and two-cell stage embryos and is also localized to the spindle in Metaphase II oocytes (17, 19) . The use of knockout mice for analyses of importin as including importin a8 reveals the distinctive developmental significance of these importin a proteins in female germline cell development and embryogenesis (2) . Interestingly, it has been shown that switching of the importin a expression in murine embryonic stem cells (mESCs) is required for their differentiation into neural lineage (20) . Moreover, a striking distribution shift of importin a4 from the nucleus to the cytoplasm has been observed in mESCs during differentiation, potentially influencing the stem cell fate choice between maintenance of pluripotency and differentiation (21) .
It has also been identified that importin a1 (KPNA2) is involved in the survival of many tumours including breast cancer (22) , the proliferation of which is enhanced by the actions of importin a proteins. In addition, importin a8 has been shown to promote malignant properties of pancreatic cancer (23) . Recently, several microRNAs were identified as affecting cellular events by targeting importin a expression. MiR-26 is able to target importin a1 expression in breast cancer (24) . In the vascular endothelium, miR-181b reduces the level of importin a3, which is a transport receptor for NF-kB p50 and p65, leading to inhibition of the NF-kB signaling (25) . Additionally, miR-223 was shown to inhibit NF-kB signaling or STAT3 nuclear translocation in glomerular endothelial cells by reducing the expression of importin a4 or a5, respectively (26) . Further studies on importin a expression regulation by microRNAs will increase our knowledge of how expression and subcellular distribution of each importin a is regulated in tissues or cells, affecting the transport of cargoes into the nucleus.
Regulation of the Classical Nuclear Import by Importin a As described above, the autoinhibitory function of the IBB domain contributes to restriction of NLS-cargo loading onto importin as. The IBB domain contains bipartite basic sequence conserved in all subtypes (Fig.  1C) . The first RxxR motif binds to the minor NLSbinding site, while the KRR motif binds to the major NLS-binding site (14) . Although the KRR motif is conserved in all importin a subtypes, the RxxR motif varies between subtypes; importins a1, a5, a6 and a7 consist of the cluster 'RRRR', but importin a3 and a4 consist of 'RRQR' and 'RRHR' sequences, respectively. The R-to-Q substitution observed in importin a3 diminishes its interaction with the minor NLS-binding site, resulting in weak autoinhibition and distinct recognition for specific substrates. In particular, the sequence variations between the RxxR motifs in importin a3 and a7 affect the binding of the PB2 influenza A virus polymerase subunit (27) , which is linked to host adaptation of the virus from avian to mammalian strains (28) . Intriguingly, importin a8 has two amino acid substitutions 'RQQR' in the RxxR motif. This suggests that importin a8 may have distinct binding partners and autoinhibitory ability compared with importin a1 (15, 16), although both importins are classified into the same subfamily.
The C-terminal region of importin a is an essential domain for the regulation of the classical nuclear protein transport mechanism. The region acts as an interacting domain for the CAS, and Npap60 (referred to as Nup50), which is involved in the release of cNLS-cargo from importin a and/or preventing rebinding (29, 30) . It has also been reported that binding of importin a to another nucleoporin, Nup153 promotes the translocation of the cNLS/importin a/b1 trimeric complex into the nucleus (4). This observation is the first evidence that importin a within the trimeric complex actively contributes to the efficiency of cNLS-cargo transport. These findings suggest that importin a serves not only as an adaptor molecule between cargo and importin b1 but also as an NPC-translocation mediator within the cNLS/importin a/b1 trimeric complex.
Dimer Formation: A Novel Regulatory Mode for Loading/Unloading of Cargo
We recently found that importin as form heterodimers with other importin a subtypes (15) . Originally, using pull-down and proteomics analysis, we identified importin a4 (KPNA3) as a potential binding partner for importin a8. Indeed, recombinant proteins of both importin a1 and a8 directly interact with all seven importin a subtypes including themselves (15, 31) . The formation of an importin a homodimer has been previously observed in several species including yeast (32) , Xenopus frogs (33) and humans (34) . The addition of cNLSs, but not importin b1, caused partial dissociation of the heterodimers, suggesting that the cNLSbinding sites may be involved in the heterodimerization. Since p53 is known to be an importin a3-specific cargo, we examined whether the importin a3p53 complex can be dissociated by the addition of importin a1 or a8. As a result, p53 was released from importin a3 with increased amounts of importin a1 or a8, indicating that the heterodimer formation of importin as results in the release of the cargo (31). Since both importin a1 and a8 are localized in the nucleus of specific cells (16, 17, 22) , we assume that the dimer formation of importin as in the nucleus could induce the effective release of the cNLS substrate from importin a after the cNLS-importin a complex enters the nucleus. Our findings provide new insight into a cargo unloading system in the nucleus. Further studies are required for understanding how cNLS substrates are released in the nucleus.
RBBP4: A Novel IBB Domain-Binding Protein to Regulate Nuclear Import
Retinoblastoma binding protein 4 (RBBP4, also referred to as RbAp48) was recently identified as an importin a-binding protein using pull-down and proteomics analysis (15) . RBBP4 serves in several complexes, such as the HDAC, CAF-1 and NuRD complexes in the nucleus. Interestingly, the binding of importin a with RBBP4 occurs through the IBB domain (5) . Notably, when RBBP4 interacted with the IBB domain of importin a, the affinity between importin a and the SV40TNLS-substrate increased. This indicates that RBBP4 releases autoinhibition by the IBB domain. In addition, RBBP4 accelerated the dissociation of importin b1 from importin a in the presence of RanGTP. Moreover, the knockdown of RBBP4 decreased the efficiency of importin a/b1-mediated nuclear transport. Thus, RBBP4 acts as a regulator for classical nuclear transport by accelerating the release of importin b1 from importin a in the presence of RanGTP after the cNLS-cargo/importin a/b1 trimeric complex enters the nucleus (Fig. 2, top left) .
Furthermore, we found that knockdown of RBBP4 in normal fibroblast TIG-1 cells, but not in HeLa cells, induced cellular senescence (5). It is known that the protein level of RBBP4 is down-regulated in aged primary human fibroblast cells, and that the knockdown of RBBP4 with RBBP7 leads to aging-associated chromatin defects (35) . Collectively, we propose that RBBP4 is involved in cellular senescence via the down-regulation of nuclear transport efficiency in TIG-1 cells. However, since RBBP4 may affect chromatin states, the possibility that the observed cellular senescence in the RBBP4-knockdown cells is caused by chromatin alteration should not be ruled out (5).
Negative Regulation Functions of Importin as in the Cytoplasm
Although importin as were first identified as cNLScargo receptors in the cytoplasm, certain studies demonstrate that importin as also negatively regulate nuclear transport. Although parathyroid hormonerelated protein (PTHrP) (36) , telomere repeat factor 1 (TRF1) (37), Cdc7 (38) , and Snail, a zinc finger-containing transcriptional regulator (39) are directly recognized and transported into the nucleus by importin b1 alone, nuclear entry of these proteins is inhibited by importin a (Fig. 2, top right) . Notably, PTHrP, Cdc7 and Snail, but not TRF1, directly associate with importin as. This indicates that proteins recognized by importin as are not necessarily cargo proteins for the importin a/b1 pathway. Snail stability in living cells is regulated by the proteasome system, and thus importin a appears to facilitate degradation of Snail in the cytoplasm (39) .
In undifferentiated mESCs, importin a2 retains Oct6 and Brn2 transcription factors within the cytoplasm in a transport-incompetent state, through the binding of these transcription factors to the importin a2 C-terminus rather than to the major or minor binding sites for cNLSs (40) . Upon differentiation, importin a2 levels decrease, and Oct6 and Brn2 are released from importin a2 for nuclear translocation via cNLS binding to importin a1. This interaction-mediated cytoplasmic retention of Oct6 in undifferentiated mESCs to maintain pluripotency depicts a novel cell fate determination mechanism exerted by importin a (Fig. 2, top right) .
Non-Transport Functions of Importin a in the Nucleus: Chromatin Association and Gene Regulation
It has been demonstrated that certain stresses including oxidative stress, heat shock, or ultraviolet irradiation dramatically induce nuclear accumulation of importin as (4143). The nature of the association between importin a and chromatin was first investigated using salt and enzymatic treatments. Results from these studies indicated that importin a becomes tightly associated with DNaseI sensitive material, revealing a tight association of importin a with DNA directly or indirectly (44) . Transcriptome analysis using an importin a mutant in the CAS-binding domain, which mimics the nuclear retention, identified 62 down-regulated genes including 22 replication-dependent histones, and two up-regulated genes including serine/ threonine kinase 35 (STK35) (44) . Furthermore, luciferase-based promoter assays and chromatin immunoprecipitation (ChIP) assays using antibodies specific for importin as revealed that importin a2 and a4 bind to the promoter-regulation region of STK35 and enhance gene expression (Fig. 2, bottom left) . This is the first indication that importin as serve in gene-specific regulation, in particular under stress conditions.
In addition, there is abundant evidence that importin as serve important roles in the nucleus, in particular with chromatin-related functions. For example, importin a works on the Sp1-responsive elements of the p21 WAF1/CIP1 (p21) promoter, indicating that importin a is involved in regulation of p21 gene expression (45) . Moreover, it was reported that in yeast, importin a interacts with transcription factor GAL4 which binds to its specific DNA sequences. Importin a binding to GAL4 enhances GAL4's ability to more effectively binds to its specific sequence (46) . Furthermore, in Neurospora crassa, NUP-6 (importin a) was demonstrated to involve in heterochromatin formation and DNA methylation (47) .
Overall, importin as have several non-transport functions in the nucleus in an importin b1-and Ranindependent manner. Additional studies are needed to further understand how importin as share specialized functions in each subcellular compartment in living cells, e.g. by post-translational modifications.
Cell Surface Distribution and its Physiological Significance
While importin a1 is strongly detected in several types of cancers, we have recently demonstrated that importin a1 is localized to the cell surface of several specific types of cancer cell lines, notably in colon cancer and hepatocellular carcinoma cells (48) . The cell surface importin a1 interacts with heparan sulfate proteoglycan (HSPG) and retains the ability of interacting with cNLS-containing proteins, and can indeed bind to certain growth factors containing NLS-like sequences, such as fibroblast growth factor (FGF) 1 and FGF2, and insulin-like growth factor-binding protein 5 (IGF-BP5). Moreover, we found that the addition of recombinant importin a1 to cancer cell lines enhanced ERK1/2 signaling in response to FGF1 treatment, resulting in increased cell proliferation (Fig. 2, bottom  right) . Subsequently, cancer cell growth was impaired by treatment with anti-importin a1 antibody, potentially due to functional inhibition of the cell surface importin a1 protein (48) . This discovery has the potential to rewrite our current understanding of molecular traffic in and out of cells.
Conclusion
In addition to nuclear transport, importin as perform diverse functions, depending on cellular states (Fig. 3) . The functional diversity of importin as can be attributed to their ability to interact with multiple proteins via distinct domains, the IBB domain, the Arm-repeats and the C-terminal region. In addition to multiple binding activities, the specific subcellular distribution of importin as in living cells also defines their functional diversity. Additional studies are require to Fig. 2 Schematic depiction of importin a functions in each cellular and subcellular localization. Top left: active nuclear transport. Importin a (a) serves as an adaptor molecule between a classical NLS-bearing cargo protein (NLS) and importin b1 (b). RBBP4 facilitates dissociation of importin b1 from importin a in conjunction with nuclear RanGTP. Top right: negative regulation in the cytoplasm. Snail and PTHrP are transported into the nucleus by importin b1 but nuclear transport is inhibited by the presence of importin a. Snail is degraded when forming a complex with importin a. Importin a2, but not a1, binds to Oct6 and inhibits Oct6 nuclear import in undifferentiated mESCs. Bottom left: Gene regulation in the nucleus. Importin a is involved in expression of STK35 or p21, and functions as a coactivator of GAL4. Bottom right: cell surface function. Importin a1 localizes on the plasma membrane of specific human cancer cells through HSPG and enhances FGF1 signaling via ERK1/2 activation. FGFRs mean FGF receptors.
further elucidate the various roles of importin as in living cells, depending on expression, subcellular distribution and subtype combination. Fig. 3 Functional diversity of importin a. Importin a acts as a multifunctional protein. Related references are as follows; spindle assembly (6), lamin polymerization (7), nuclear envelope formation (8) , protein degradation (9, 10), mRNA-related function (11) , cell surface function (48) , gene expression (4446) and cytoplasmic retention (3640).
